Abstract
Introduction
Colorectal cancer is the second leading cause of death from cancer in the United States, claiming about 55,000 lives this year. Even with a better understanding of the genetic mutations involved in the development of colorectal cancer, treatment of advanced disease has not been promising. Increasing efforts are therefore being made towards developing more effective prevention and screening measures. Several recent studies have reported a 40-50% decrease in the relative risk of colorectal cancer in persons who are continuous users of aspirin or other nonsteroidal antiinflammatory drugs (NSAIDs) 1 (1) (2) (3) (4) (5) (6) , suggesting that these drugs serve as effective cancer chemopreventive agents. However, prolonged use of NSAIDs results in untoward gastrointestinal side effects that are likely due to inhibition of gastric prostaglandin production, which play a crucial role in maintaining gastric mucosal integrity. One common target of action for this class of drugs is the enzyme cyclooxygenase (COX). Two isoforms of COX have been identified and are designated as COX-1 and COX-2 in this report. Most NSAIDs currently in use inhibit both COX-1 and COX-2 (7-10). COX-1 is expressed constitutively in a number of cell types and tissues, including gastric mucosa (11) . In contrast, COX-2 belongs to a class of genes referred to as immediate early or early growth response genes which are expressed rapidly and transiently after stimulation of cultured cells by growth factors, cytokines, and tumor promoters (12, 13) ; COX-2 expression is thus elevated in inflammatory cells and sites of inflammation (14) .
Previously, we have demonstrated increased COX-2 expression in human colorectal adenocarcinomas when compared with normal adjacent colonic mucosa (15); these findings have been confirmed by other investigators who have shown elevated levels of COX-2 protein in colorectal tumors by Western blotting (16) and immunohistochemical staining (17) . We have also observed markedly elevated levels of COX-2 mRNA and protein in colonic tumors that develop in rodents after carcinogen treatment (18) and in adenomas taken from Min mice (19) . Our observations of elevated COX-2 expression in three different models of colorectal carcinogenesis have led us to consider the possibility that COX-2 expression may be related to colorectal tumorigenesis in a causal way. A recent report has demonstrated a 40% reduction in aberrant crypt formation in carcinogen-treated rats given a selective COX-2 inhibitor (20) . Another study has provided genetic evidence which directly links COX-2 expression to intestinal tumorigenesis (21, 22) . This recent report (22) demonstrated that APC ⌬ 716 mice develop hundreds of tumors per intestine. When these mice were bred with COX-2 null mice there was an 80-90% reduction in tumor multiplicity in the homozygous COX-2 null offspring. Additionally, when the APC ⌬ 716 mice were treated with a highly selected COX-2 inhibitor, there was a marked reduction in tumor multiplicity. These results suggest that COX-2 may act as a tumor promoter in the intestine and that increased levels of COX-2 expression may result directly from disruption of the APC gene.
To address the hypothesis that COX-2 is involved in colorectal tumorigenesis we have evaluated the growth of human colon cancer cells (HCA-7) that constitutively express COX-2 in nude mice plus and minus treatment with a highly selective COX-2 inhibitor (SC-58125). Also, we have evaluated a colon cancer cell line (HCT-116) which lacks COX-2 expression to test for the selectivity of drug treatment. Both HCA-7 and HCT-116 cell lines were originally derived from human colonic carcinomas (23, 24) . The HCA-7 cells were derived by Kirkland and co-workers in the United Kingdom and have been extensively characterized (23, (25) (26) (27) (28) (29) . Recent work by our group has shown that the HCA-7 cells become polarized in culture and release prostaglandins in a vectorial fashion (30) . The HCT-116 cells have been extensively characterized as well and these cells have been found to have a homozygous mutation at the hMLH1 locus and are poorly differentiated (24, (31) (32) (33) (34) .
Here we report that treatment with SC-58125 inhibits tumor growth by 85-90% in implanted HCA-7 cells, which have high COX-2 expression, but has no significant effect on implanted HCT-116 cells which lack COX-2 expression. These results suggest that COX-2 may be a feasible target for which to develop future agents for colon cancer prevention and treatment strategies.
Methods
Cell culture. The medium was replaced and the treatment was repeated every 2 d. HCA-7 and HCT-116 cells were grown as described previously (29, 30, 35) .
Prostaglandin production. Eicosanoids were quantified in media from cell incubations using stable isotope dilution techniques with gas chromatography negative ion chemical ionization-mass spectrometry as described (30, 36) . The limits of sensitivity for detection of either PGE 2 , PGD 2 , PGF 2 ␣ , or thromboxane B 2 or 6-ketoPGF 1 ␣ is 4 pg/ml.
Immunoblotting. Immunoblot analysis of cell protein lysates was performed as described previously (37) . Briefly, the cells were lysed for 30 min in RIPA buffer (1 ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mg/ml) 0.1%, then clarified cell lysates (100 g) were denatured and fractionated by 12.5% SDS-PAGE. The proteins were transferred to nitrocellulose filters after electrophoresis, and the filters were probed with an anti-human COX-2 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA), developed by the ECL chemiluminescence system (Amersham, Arlington Heights, IL), and exposed to XAR5 film (Eastman Kodak, Rochester, NY). Quantitation was carried out by video densitometry.
Northern blotting. Total cellular RNA was extracted according to Chirgwin et al. (38) . RNA samples (20 g/lane) were separated on formaldehyde-agarose gels and blotted onto nitrocellulose filters. The blots were hybridized with cDNA probes labeled with [ ␣ -32 P]dCTP by random primer extension. After hybridization and washes, the blots were then exposed to x-ray film for autoradiography as described (37) . 18S rRNA signals were used as internal controls to determine integrity of RNA and equality of loading among lanes.
Colony morphology. Cells were suspended in 0.5 ml of 1:2 diluted Matrigel (Collaborative Biomedical Products, Bedford, MA). Then the mixture was plated onto 24-well plates and treated with 10, 25, and 50 M of SC-58125. Treatment was repeated every 2 d. Colony number was counted at the times indicated in each figure legend.
Tumor growth in nude mice. Cells were suspended in 0.2 ml of DMEM medium and were injected into the dorsal subcutaneous tissue of athymic nude mice (Harlan Sprague Dawley, Inc., Indianapolis, IN). 10 mg/kg of SC-58125 was injected into peritoneal cavity of the mice before inoculation of cells. The treatment was continued three times a week at a dose of 5 mg/kg. Tumor volume was determined by external measurement according to published methods (39 Fig. 1 . Therefore, these results indicated that we could not detect PGE 2 production in the HCT-116 cells, while PGE 2 production was significant in the HCA-7 cells (10 ng/ml) and this was inhibited by SC-58125 treatment. Importantly, at the concentrations used in our study, SC-58125 has no inhibitory activity on COX-1 (14) . Since selective inhibition of COX-2 results in almost complete inhibition of prostaglandin production, we predicted that the HCA-7 cells in culture expressed very low levels of COX-1.
Levels of COX-1 and COX-2 in HCA-7, HCT-116 cells, and xenografts.
The HCA-7 cells in culture maintain high constitutive COX-2 expression, while the HCT-116 cells lack detectable COX-2 protein, although some clones from this cell line have been reported to express low levels of COX-2 mRNA by PCR analysis (40) . In this report we evaluate the effect of SC-58125 treatment on these two established human colon cancer cell lines. The HCA-7 cell line was shown previously to constitutively express COX-2 (30), which we confirmed by Western blot analysis shown in Fig. 2 . We evaluated another human colorectal cancer cell line (HCT-116) and found that it lacked expression of the COX-2 protein (Fig. 2) . Figure 1 . PGE 2 production in HCA-7 and HCT-116 cells plus and minus SC-58125. PGE 2 levels were measured in the media taken from either HCA-7 or HCT-116 cells by gas chromatography negative ion chemical ionization-mass spectrometry as described previously (30, 36) . These measurements were taken 1 h after addition of excess arachidonate (10 M) in the presence or absence of SC-58125 (25 M).
We also measured levels of COX protein in the xenografts formed by these cell lines in the presence and absence of a selective COX-2 inhibitor, SC-58125. We found that COX-2 protein expression was maintained in the HCA-7 xenografts, although levels were slightly lower after treatment with SC-58125 (Fig. 3 A ) . We could not detect COX-2 protein in the HCT-116 cells in culture nor in the xenografts formed by injecting these cells into nude mice (Fig. 3 A ) . These results are consistent with our finding that these cells produce no detectable PGE 2 in our assay system (Fig. 1) . The HCT-116 xenografts did express very low levels of COX-1. Interestingly, the HCA-7 xenografts expressed much higher levels of the COX-1 protein than was present in the cultured cells (Fig. 3 B ) , but these levels did not change after treatment of the mice with SC-58125. Work is underway to determine the cellular localization of both COX-1 and COX-2 in the xenografted tumors formed by both of these cell lines.
Growth in extracellular matrix components. We demonstrated previously that nontransformed intestinal epithelial cells are unable to survive when plated in extracellular matrix components, such as Matrigel (41) . However, both HCA-7 and HCT-116 cells are able to form discrete colonies when plated in Matrigel (data not shown). Since one of the cell lines maintained COX-2 expression (HCA-7), and the other did not (HCT-116), we explored the effect of a selective COX-2 inhibitor (SC-58125) on colony growth. SC-58125 dramatically inhibited the size and number of colonies derived from the COX-2 expressing HCA-7 cells, but had no significant effect on colony size or number derived from the HCT-116 cells (Fig. 4) .
Selective inhibition of COX-2 inhibits solid tumor growth. Next, we evaluated the effect of SC-58125 on the growth of these two established human colon cancer cell lines (HCA-7 and HCT-116) when these cells were implanted as xenografts in nude mice. We first confirmed that both the HCA-7 and HCT-116 cell lines develop into solid tumors when implanted into nude mice (Fig. 5) . Treatment of the nude mice with SC-58125 inhibited tumor development by 90% for the HCA-7 implants by day 7 but had no significant effect on implants of Figure 2 . COX-2 expression levels in HCA-7 and HCT-116 colon cancer cells. Western blot analysis for COX-2 protein levels in HCA-7 and HCT-116 human colon cancer cells. Immunoblot analysis was carried out as described in Methods. 40 g of protein was electrophoresed in each lane. For COX-2 immunoblotting a rabbit anti-human COX-2 antibody was used at a 1:250 dilution (Santa Cruz Biotechnology Inc.). Other primary antibodies were as follows: polyclonal rabbit antiserum to human cyclin D1 (Upstate Biotechnology, Inc., Lake Placid, NY) was used at a 1:1,000 dilution and human cdk4 (Santa Cruz Biotechnology Inc.) was used at a 1:1,000 dilution. HCT-116 cells (Fig. 5) . These experiments were conducted on 12 animals per time point for each group and have been reproduced in three separate sets of experiments. These data support the notion that SC-58125 inhibits tumor development of implants from COX-2-expressing colon cancer cells but not in cells that lack its expression and indicate that COX-2 activity may play a direct role in colorectal tumorigenesis in a set of colon cancers. Results from an evaluation of human colorectal cancers which occur spontaneously reveal that up to 80-85% maintain elevated COX-2 expression (15, 16) . Therefore, the 15-20% of tumors which lack COX-2 expression may have lost their dependency on this pathway due to other genetic changes or alterations in signaling pathways. These experimental results provide evidence for a link between COX-2 expression and responsiveness to selective inhibition of the COX-2 pathway.
Discussion
There is now considerable evidence, from several different experimental systems, that COX-2 may play a role in the genesis of colorectal cancer (20) (21) (22) 41) . Here we describe a link between inhibition of intestinal cancer growth and selective inhibition of the COX-2 pathway. This important information provides a clue as to one possible mechanism for cancer prevention by NSAIDs and will allow for the rationale design of future experiments to study the precise molecules and signal transduction pathways involved in this process.
COX-2 expression and intestinal tumorigenesis. Recently, we reported that intestinal adenomas from Min mice express COX-2 mRNA and protein (19) . Since others have shown that tumor multiplicity is dramatically decreased in Min mice treated with NSAIDs (42-44), our observation that COX-2 expression is elevated in early intestinal lesions from the Min mouse indicates that COX-2 may play a role early in tumorigenesis in this model. Numerous studies have reported that NSAIDs markedly reduce tumor multiplicity in rats treated with the carcinogen azoxymethane and one recent report indicates that selective COX-2 inhibition in these animals leads to a reduction in aberrant crypt formation (20) . We also found that COX-2 levels are dramatically increased in intestinal tumors which develop in azoxymethane-treated Fisher-344 rats (18) , but COX-2 was absent in normal appearing intestinal mucosa from these animals. Thus, in two independent animal model systems for intestinal tumorigenesis, COX-2 is elevated early in the sequence of events leading to malignant transformation.
Because there is circumstantial evidence linking COX-2 expression to intestinal tumorigenesis, we set out to test the hypothesis that COX-2 is involved directly in intestinal tumor development. In this report we chose to evaluate the response of two transformed intestinal epithelial cell lines to treatment with SC-58125, a selective COX-2 inhibitor. The HCA-7 cell line constitutively expresses the COX-2 gene. Treatment of HCA-7 cells with SC-58125 inhibited their growth in culture and as tumor implants in nude mice. The other cell line, HCT-116, lacks COX-2 expression and in these cells SC-58125 had no effect on colony formation in culture or when they were implanted in nude mice. Other groups have reported antiproliferative effects of nonselective NSAIDs, used at very high concentrations, but these effects are not likely due to their inhibition of COX enzymes (45) . Our result with the HCT-116 cells shows that SC-58125 is not acting as a nonspecific cytostatic agent, but has a selective effect on transformed cells expressing COX-2. Several factors are involved in colorectal carcinogenesis and it seems evident that some colorectal tumor cells (such as HCT-116) do not require COX-2 expression in order to maintain a transformed state. It is of interest to note that the HCT-116 cells are more poorly differentiated (33) than the HCA-7 cells (30) with respect to their ability to polarize in culture.
Clinical relevance. Colorectal cancer is the second leading cause of cancer deaths in the United States and the high mortality is due, in part, to the fact that by the time symptoms have developed the cancer has become metastatic. Currently, our best hope to reduce this high mortality is to develop better screening and prevention measures in order to detect the disease earlier or prevent it from developing. Currently, a new class of highly selective NSAIDs is being developed by phar- Figure 5 . Growth curves of HCA-7 and HCT-116 implants in athymic nude mice. 10 6 HCA-7 cells, shown in A, or HCT-116 cells, shown in B, were suspended in 0.2 ml of DMEM medium and injected into the dorsal subcutaneous tissue of athymic nude mice. DMSO or an initial dose of 10 mg/kg of SC-58125 was injected into peritoneal cavity of the mice before inoculation of cells. The treatment was continued three times a week at a lower dose of 5 mg/kg. Previously, it was shown that this dose of drug will result in complete inhibition of COX-2 enzyme activity in animal models for inflammation studies (14) . Tumor volumes were determined by external measurement according to published methods (39) maceutical companies worldwide. These drugs, which include SC-58125 used here, are highly selective inhibitors of COX-2 and have little or no effect on COX-1 activity. In recent studies these drugs have been shown to have fewer side effects such as gastritis and ulcer disease, presumably due to their lack of COX-1 inhibition (14) . Because of their effectiveness in inhibiting growth of intestinal adenocarcinoma xenografts in mice, these agents may deserve a careful evaluation in patients at very high risk for colorectal cancer, such as persons with familial colon cancer syndromes and patients who have been treated previously for sporadic colorectal adenomas or cancer.
